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Systematic modeling of soft-electron precipitation
effects on high-latitude F region and topside
ionospheric upflows

Y.-J. Su,* R. G. Caton,? J. L. Horwitz, and P. G. Richards
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Abstract. An ionospheric plasma fluid transport model is used to investigate the
effects of soft (<1 keV) electron precipitation on high-latitude F region/topside
ionospheric O upflows. In this paper we present a systematic modeling study of
ionospheric effects of varying soft-electron precipitation, focusing on the resulting
upward O™ ion velocities and fluxes, as well as the elevated ion and electron tem-
peratures, due to the precipitation. Recent satellite observations [Seo et al., 1997
suggest an inverse relationship between upward O™ fluxes and the characteristic
energy of the precipitating electrons for the same energy flux level. The modeling
results presented here show this inverse relationship explicitly. Our interpretation
is that a declining characteristic energy at constant energy flux increases the
number of precipitating electrons available to heat the thermal electrons, and thus
enhances the thermal electron temperature and hence the ambipolar electric field
for propelling the upward O flows. The modeled increase of the thermal electron
temperature with enhanced auroral electron precipitation is also generally consistent
with the Seo et al. [1997] topside ionospheric plasma measurements. In addition,
the modeling results presented here illustrate characteristic temporal development
responses, showing dramatic increases in velocity, Mach number, and flux values
during the first 10-13 min after the precipitation is turned on. By ~1 hour after the
initiation of a soft-electron precipitation event the ion upward velocities and fluxes

approach nearly stable, asymptotic values.

1. Introduction

Strong field-aligned upward flow velocities of OT, at
times approaching 1 km s™*, are frequently observed
at topside altitudes in the high-latitude ionosphere in
both radar and satellite measurements [ Wahlund et dl.,
1992; Ganguli et al., 1994; Tsunoda et al., 1989; Yeh and
Foster, 1990]. Several different processes have been sug-
gested as possible contributing drivers of these upfiows.
These suggested drivers include convection-driven fric-
tional ion heating in strong convection events le.g., Ko-
rosmezey et al., 1992; Heelis et al., 1993; Wilson, 1994]
and electron temperature enhancements [e.g., Whit-
teker, 1977}, as induced by various processes including
thermal electron heating by electron precipitation, for
example, in the cleft region. Also, Ganguli et al. [1994],
in examining Dynamics Explorer (DE) 2 measurements
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of ion convection and vertical flow velocities, regarded
the simultaneous observations of ion upflows and large
shears in the ion convection velocity as evidence of field-
aligned upflows, which are driven mainly by ion heating
due to Kelvin-Helmholtz-type instabilities.

Richards [1995] modeled effects on the F region elec-
tron density and temperature of a soft auroral electron
precipitation event. Recently, there have been detailed
comparisons between fluid models and both radar and
satellite data for the effects of soft-electron precipitation
on high-latitude F' region/topside ionospheric upflows.
Liu et al. [1995] successfully modeled both HILAT
and DE 2 ionospheric thermal ion and electron charac-
teristics at auroral latitudes using an ionospheric fluid
plasma transport model with the spacecraft-measured
ion convection velocities and soft-electron precipitation
characteristics as inputs. Caton et al. [1996] simu-
lated three profiles of density, temperature, and flow
velocity obtained with the European Incoherent Scat-
ter Radar (EISCAT) using the same ionospheric plasma
transport code used by Liu et al. [1995]. The results
of Caton et al. [1996] indicated a dominant role for
soft-electron precipitation as well as downward magne-
tospheric heat fluxes in driving these EISCAT-observed
F region/topside ionospheric upflows.
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The purpose of this paper is to analyze the effects
of soft-electron precipitation in driving ionospheric up-
flows using a systematic modeling approach. This is ac-
complished by varving only the soft-electron precipita-
tion characteristics (characteristic energy, energy flux,
and number flux), while leaving all other independent
ionospheric and neutral atmospheric parameters fixed,
10 examine the consequent effects on the ionospheric
density, temperature, and velocity parameters in the
altitude range of 200-1000 km. In order to elucidate
the temporal development of upflows subject to such
precipitation we have also examined the characteristic
ionospheric dynamic response to a gradual onset of the
precipitation. Heelis et al. [1993] have performed an in-
vestigation of the differences in field-aligned flows driven
by frictional ion heating in abrupt and gradual sub-
auroral ion drift (SAID) events. Their results suggest
that a much larger upward flow results when the maxi-
mum SAID convection speed is instantaneously applied
{(within a 15-s time step) rather than when the SAID
speed is gradually increased over 3-10 min.

2. Ionospheric Dynamics Model

In modeling the high-latitude F region/topside iono-
spheric dynamics here, we used the field line interhemi-
spheric plasma (FLIP) model described by Richards and
Torr [1986], Liu et al. [1995], and Caton et al. [1996].
The basic code is the time-dependent one-dimensional
model along a closed dipolar flux tube from 80 km in th
Northern Hemisphere to 80 km altitude in the Southern
Hemisphere. A tilted dipole approximation is used for
the Earth’s magnetic field. After the field line grid, neu-
tral atmosphere densities and temperatures, and pho-
toproduction rates have been established, the solution
of the transport equations proceeds in the following or-
der. First, the photoelectron transport equations are
solved to provide electron heating rates and secondary
ion production rates. Second, the energies are solved
to provide ion and electron temperatures. The conti-
nuity and momentum equations are solved to obtain
the major ion densities (O™ and H™). Finally, the mi-
nor ion equations are solved to obtain densities for N™
and He™. In this paper the only change from the sit-
uation in the work by Caton et al. [1996] is that the
soft-electron precipitation allowed to linearly ramp to
its maximum value over a period of time rather than
the abrupt turn-on used by Caton et al. [1996]. The
electron precipitation is described through a designa-
tion of a characteristic energy and a total energy fux
in a two-stream auroral electron model [Richards and
Torr, 1990). The mass spectrometer and incoherent
scatter (MSIS-86) model [Hedin, 1987] is used for the
neutral densities and temperatures in this paper. The
HWMO90 model [Hedin et al., 1991] is used for the neu-
tral wind. The model was run for a flux tube located
at 69° geographic latitude and 19° geographic longi-
tude on February 20, 1990. This is representative of
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the EISCAT radar site at which sAgmzcan: ionosph
upflows are frequently observed [e.g., Wahlund et aé.,
1992; Caton et al., 1996,

For each set of results an initial run with no precipi-
tation of 24 hours was first completed, thereby allowing
equilibrium to be reached before the precipitation was
initiated. Then, starting with that baseline condition,
several simulations with precipitation events ranging in
duration from 30 min to 2 hours were carried for var-
ious precipitation electron energy fix fux and character-
istic energy levels. We then utilized this information
to for distilled parameter relationship plots to porira
the systematic effects of the soft-clectron nre&pxa“o‘-
parameters on the resulting upflow characteristics. For
the runs whose results are presented here the precipi-
tation was initiated at 2130 UT, »m:c‘:: corresponds 1o
late evening at 2204 LT, to reduce the possible obscu-
ration by additional photoionization effects. The range
of characteristic D*ec*m*a*mg electron energies chosen
was 50- 600 eV, while the energy fux was varied from 0.5
ergs cm™2 s7* t0 6.0 ergs cm™? s™1. These values are
within the ranges measured by the Low “ce E’Aaama
Instrument (LAPI) on board DE 2
1981]. In order to focus only on the s} stematics of noft-
electron precipitation the possible frictional ion heating
stemnming from ion convection through the neutral gas
was set to zero.

As discussed by Heelis et al. [1993], with regard
to their investigation into the effects of subauroral ion
drifts (SAID) on ion upflows, it is important to under-
stand the effects of the time { the driver in
propell ino the ionospheric ¢ : modeling ob-
;996 and Liu et ol
§i990 considered the precipitation to have been turned

abmonv at 30 min ;xaor 1o the time of observation,
a.rhO‘w':z an exact time history was not known. Here
we have chosen to allow the energy fux fo lnearly in-
crease from zero to its maximum level over a period of
30 min. The ci':arac*eris“ﬂ precipitating electron en-
ergy was chosen to remain constant, while the energy
flux was linearly ‘ncreasec over the first 30 min, then
allowed to continue at this level for the duration of the
event. All of the ion results presented here are for th
major ion species O,

served upfiow events, Caton ef al.

3. Relationship of F Region Ionospheric
Parameters to the Soft-Electron
Precipitation Characteristics

An analysis of DE 2 observations by Seo et al.
found that at approximately
inverse relationship is seen
aligned ion upflow velocities and fluxes and the char-
acteristic energy o" the precipitating soft electrons (<1
keV) for restricted ranges of electron energy flux. To
model this effect, the o*o'"n zauzng energy flux was held
constant at 1.75 ergs cm™2 s™*, while the characteris-

(1987
Ly 800 km altitude & quasi
between the observed field-
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Figure la. Modeling results for the ionospheric fleld-
aligned ion velocity at 315 and 800 km altitude versus
the characteristic electron precipitation energy from 50
t0 600 eV for a fixed precipitation energy flux of 1.75

ergs cm™2 571,

tic energy was varied from 50 to 600 eV for different
runs. Each run was sampled after the (ramped) pre-
cipitation had been on for 30 min. In Figure la the
field-aligned ion velocities at 315 and 800 km altitude
are plotted versus the characteristic energy of the pre-
cipitating electrons. Here it is evident, for the topside
regions, that the largest upflow velocities are found at
the lowest values of characteristic precipitating electron
energy for these runs for which the energy flux was held
constant. At 800 km a steady increase in the ion veloc-
ity occurs as the characteristic energy is reduced. This
trend is attributed at least partially to the fact that
more precipitating electrons are available (at constant
energy flux) to heat the thermal electrons, thus enhanc-
ing the thermal electron temperature (see also Figure
1b} and hence the ambipolar electric field for propelling
the upward OF flows. Also, for the lower-energy pre-
cipitating fluxes their energy is deposited at higher alti-
tudes, where their energy is more efficiently transfered
to the ions and electrons. Within the F region at 315
km altitude the velocities increase with increasing en-
ergy when the precipitating electron characteristic en-
ergy is less than 200 eV and decrease with increasing
energy between 200 and 600 eV.

The electron and ion temperatures at 800 km are
plotted versus the characteristic energy of the precip-
itating electrons in Figure 1b. Again, the energy flux
was held constant at 1.75 ergs cm™2 s™%. The elec-
tron temperature, which is significantly higher than the
ion temperature, shows a monotonic decrease with in-
creasing characteristic energy. This enhancement of T,
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Figure 1b. Ion and electron temperatures at 800 km
altitude versus precipitation average energy from 50 to
600 gV for a fixed precipitation energy fux of 1.75 ergs
cm™e g7

with lowered characteristic energies contributes to an
increased ambipolar electric field which propel the up-
flows as displayed in Figure la. The ion temperature
shows a very slight increase {compared with the increase
seen in the electron temperature) at low characteristic
energies of the precipitation. It is evident that the much
less respounsive ion temperature is still closely tied to the
neutral temperatures even at these 800 km altitudes.
Ionospheric electron heating rates at different alti-
tudes are plotted versus the characteristic precipitating
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Figure 2. Ionospheric electron heating rate versus
characteristic precipitating electron energy from 50 to
600 eV at 260, 325, 420, and 790 km altitudes.
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Figure 3. Modeled electron heating rates versus al-
titude for characteristic precipitation energies ranging
from 50 to 600 eV. The solid, dotted, short-dashed,
dash-dot-dashed, dash-dot-dot-dot-dashed, and long-
dashed lines are for average energles of 50, 100, 150,
250, 400, and 600 eV, respectively.

electron energy from 50 to 600 eV in Figure 2 when the
electron precipitation was turned on for 30 min. At al-
titudes of 325 to 790 km the heating rate monotonically
increases with decreasing characteristic energy down to
50 eV, which is consistent with the enhanced electron
temperatures seen in Figure 1b. The electron heating
rate at 790 km is negligible compared to heating at 325
km. At lower altitudes, for example, 260 km, the peak
in the heating rate occurs at a characteristic precipita~
ion energy of about 150 eV. This peak can be under-
stood from Figure 3, which displays the electron heating
rate as a function of altitude for several characteristic
energies from 50 to 600 eV. At ~250-300 km altitude
a crossover is evident in terms of the heating relation
with dominant characteristic energy levels. Above 300
km the largest heating rates are produced by the low-
est characteristic energy levels, while the opposite is
true at lower altitudes. Figures 2 and 3 are associated
with Coulomb collisions with primary and secondary
electrons produced by the primary auroral precipitat-
ing electrons. In that sense, the ultimate thermal elec-
tron heating rates at a given altitude are determined by
both Coulomb collisions and ionization processes which
produce the secondary electrons [cf. Banks and Nagy,
1970]. Also, the electron quenching of N(?D) is a signif-
icant source of heat for ionospheric electrons [Richards,
1986]. The metastable N(2D) atom which lies 2.4 eV
in energy above the ground state N(%S) atom is pro-
duced in copious quantities in the upper atmosphere
by chemical reactions involving NO*, N3, and N¥, by
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photodissociation of Ny, and by electron impact dissoci-
ation of Na. It is lost principally through quenching by
O and O at low altitudes (below 250 km) and through
quenching by electrons at high altitudes. The altitude
range of the peak heating from electron quenching of

- N(®D) is 250-300 km and varies with the precipitating

electron energy. Within this range, approximately one-
half of the electron heating is due to electron quenching
of N(2D).

Figure 4a shows the effect of increasing the precipitat-
ing electron energy flux on the ion upflow velocities (at
30 min) at 315 and 800 km altitude. Figure 4b shows
the energy fluxes versus ion and electron temperatures
at 800 km altitude. With the precipitating soft-electron
characteristic energy fixed at 125 eV the energy flux
was varied from 0.5 to 6.0 ergs cm™? s™1. As seen in
Figure 4a, a linear increase in the ion velocities at 800
km altitude results from the increasing electron energy
flux. However, at 315 km altitude the upward veloci-
ties have only shown a slight increase with increasing
energy flux. The plot of the ion and electron temper-
atures versus electron energy flux (Figure 4b) shows a
nearly linear increase in electron temperatures with in-

reasing energy flux at 800 km altitude. The increase
seen in the ion temperatures is much smaller. Figures 42
and 4b together illustrate how the ionospheric upfows
are driven by the increased ambipolar electric field due
to precipitation-enhanced electron temperatures.

Figures 5a and 5b elucidate the variations {at 30 min)
of the F region and topside upflow velocities and elec-
tron and ion temperatures with characteristic average
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Figure 4a. The modeled field-aligned ion velocities (at
315 and 800 km) plotted versus the precipitating elec-
tron energy flux with a constent characteristic precip-
itating energy of 125 eV. These field-aligned velocities
are for 30 min after the electron precipitation turn-on.
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Figure 4b. Complementary to qure 1b, the ion and
electron temperatures at 800 km are here plotted versus
the precipitating energy flux with fixed precipitation
characteristic energy of 125 eV.

energy again, but this time with the precipitation elec-
tron number flux held constant, instead of the energy
flux. Figure 3a is a plot of the asymptotic O upfow
velocity at 315 and 800 km altitude versus precipitation
characteristic energy from 50 to 600 €V (correspondent
energy flux from 0.4 to 4.8 ergs cm™2 s™1) for a const am
precipitating electron number fux of 5 x 109 cm™2 s~
Under these conditions, it is evident that for constant
number flux the asymptotic velocity at 800 km altitude
rises fairly sharply with the cnaraczer.stzc electron en-
ergy, from about 70 to 140 m s~ over the characieristic
electron energy range 50 to 150 eV, but then gradually
declines for higher energies. The F region upfiow veloc-
ity similarly rises from 0 to about 20 m s~ for between
100 and about 300 eV and then is fairly level for higher
energies. These results tend to support the suggestion
that the Figure la trend, showing the highest upfow
velocities for the lowest precipitating electron charac-
teristic energies for constant electron energy flux, oc-
curs because in that case the number of precipitating
electrons available for heating the ionospheric thermal
electrons increases as the characteristic energy declines

Figure 5b shows the electron and ion temperatures
at 800 km altitude versus o*eczpztatin@ electron charac-
teristic energy, while holding the precipitating electron
number flux constant. Here we see that both the ion and
electron topside temperatures are relatively insensitive
to the energy of the electrons. Hence we see that the
effect of enhanced electron temperatures at low precip-
itating electron energies displayed in Figure 1b is also,
at constant energy flux, the consequence of the increase
of the number of precipitating electrons as the charac-
teristic energy decreases.
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4. Time Development of Precipitation-
Induced Ionospheric Fluxes

In this section we investigate the time development of
the ionospheric parameters in response to the ramped
turn-on of the precipitation. Both Liu et ol. (1995} and
Caton et al. [1996] modeled “snapshots” of spacecraft
and radar observations of ionospheric upfiow events.
However, modeling by Heelis et al. [1993] has shown
that the upflow velocities for SAID-driven events are
sensitive to the timescale of the SAID turn-on. Here
the results shown in Figures 6-8 illustrate the temporal
response tO a precipitation event in order to obtain a
better understanding of the time history of the upfiow
characteristics in precipitation-driven events.

For the case examined here, the precipitation is turned
on at 2130 UT and allowed to continue for 2 hours,
again at the latitude and longitude corresponding to
the EISCAT radar facility. For Figures 6 and 7 the
characteristic energy was held constant (125 eV), while
the electron energy flux was linearly increased over
first 30 min and then allowed to remain at the maxi-
murm level for 1.5 hours before being shut of. Figure 6
shows the ion velocities (Figure 6a) and fluxes (Figure
6b) aiong the flux tube from 200 to 1000 km, where
the leftmost solid line in each panel corresponds to con-
ditions at 1.2 min before the time of the precipitation
turn-on. Figure 7 shows the ion upflow velocities (Fig-
ure 72), fluxes (Figure 7b), Mach numbers (Figure 7c )
and temperatures (Figure 7d) versus time from the on-
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Figure 5a. The modeled feld- Ezgned ion velocities {at
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These field-aligned velocities are for 30 min afier the
electron precipitation turn-on.
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set, of the precipitation. The definition of Mach number
used in this paper is the parallel fow speed divided by
the ion thermal speed, as was used by Seo et al. 1997..

As can be seen, the maximum velocity, Mach num-
ber, and flux were attained at 10-13 min, followed by
a partial decline to relatively constant velocities by 30
min after the precipitation commenced. The ion veloc-
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ity, flux, Mach number, and temperature levels declined
rapidly after the soft-electron precipitation was termi-
naied, except at 315 km altitude (solid lines). The tem-
poral variations of ion velocities, Mach numbers, and
fluxes are greater in the topside regions (650-810 km)
than in the F region (315-440 km}, as can also be seen
in the 30-min altitude profiles of Figure 6. The ion tem-
peratures increase with time at upper regions (650-810
km) during the 2-hour precipitation period. At an alti-
tude of 315 km the ion temperature remains constant.
The O Mach numbers are less than 0.4 below 810 km
altitude but are larger than 0.5 above 950 km altitude
(not shown here). The model used here employs a low-
speed approximation whereby the inertial terms in the
momentum equation are neglected. Hence the current
model would not be reliable for the region above 950 km.
It should also be noted that after 30 min, the asymp-
totic states reached have Mach numbers well below 0.4
even at the higher altitudes; only the early portions of
the temporal developments have Mach numbers above
0.4 at the higher altitudes. It is the parameters for 30
min after precipitation turn-on which constitute the fo-
cus of the cases in Figures 1-5.

We have also examined the electron temperatures
(Figure 82) and Mach number for H* ions (Figure 8b),
where the line legend is same as that in Figure 7. The
electron temperature increased dramatically in the first
30 min at all altitudes, then remained nearly constant
until the precipitation was turned off. The H™ Mach
numbers are less than 0.15 below 810 km aititude, which
also validates the model for the minority species.

The different time periods for increasing the electron
energy fux to the maximum have also been examined.

1000
/é\ 800 ‘
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g 600}
< 400 -

200

i 2
Ton Flux (x10° cm? %)
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Figure 6. Time development of the altitudinal profiles for (2) ion field-aligned velocities and
(b) fluxes created by precipitation event lasting 2 hours with an ramped (linearly over 30 min)
turn-on of the precipitation energy flux. The characteristic precipitating electron energy was 125
eV, while the maximum energy flux was 1.0 ergs cm™2 s™*. The leftmost solid line in each plot

corresponds to conditions at 1.2 minutes before the time of the precipitation turn-on. The line

ieggnds are leftmost solid line, -1.2 min; leftmost dotted line, 3 min; short dashed line, 7.2 min;
dash-dot-dashed line, 10.8 min; dash-dot-dot-dot-dashed line, 15 min; long dashed line, 21 min;

second (rightmost) dotted line, 28.2 min; second

/oy

{rightmost) solid line, 32.4 min.
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(¢) Mach numbers, and (d) temperature, again

for the ramped turn-on of the precipitation, here plotted versus the time from the onset of the
precipitation and shown for altitudes of 315 km (solid line), 440 km (dotted line), 650 km (dashed

line}, and 810 km (dash-dot-dashed line).

We have found that the peak ion upward velocity at-
tains to a higher value, when the “ramping” precipita-
tion time is short, which is similar to the SAID-driven
events by Heelis et al. [1993]. However, similar velocity
profiles are achieved with either of the ramping con-
ditions. In each case, a nearly constant velocity was
reached after 30 min after the precipitation onset. For
the cases in Figures 1-3 the ion Mach numbers are less
than 0.4 after the first 30 min, which tend to validate
the use of low-speed-approximation model.

5. Discussion

The modeling results reported here are qualitatively
consistent with several trends found from recent sta-
tistical analysis of topside ionospheric characteristics of
upflows observed with the DE 2 spacecraft from seven
auroral zone passes in the evening sector [Seo et al.,
1997.. Those observations were for the topside altitude
range 850-950 km.

Seo et al. 1997, for example, found that the ob-
served ion field-aligned upflow velocities were strongly

correlated with electron temperatures. The character-
istic correlation coefficient for the upflow velocities ob-
served was r=0.97 with the (binned, averaged) electron
temperatures T,. They were less well correlated, r=0.4,
with the lon temperatures T;. This is consistent with
the notion that the thermal electron heating, such as
through the soft-electron precipitation effects described
here, is more influential on the ion upflows than the ion
heating due to convection-driven friction.

Further consistency with the DE 2 observations is
seen by noting that Seo et al. {1997 found, in examining
the upflows in restricted ranges of energy flux, that the
largest velocities were observed when the average soft-
electron energies were below 100 €V. In terms of fluxes,
Seo et al. [1997] reported upward fluxes only exceeding
5x10° ions cm ™2 s~ for electron average energies below
100 eV and unusually large fiuxes exceeding 10 ions
em™? 5™ for electron average energies below 50 eV.

In addition, Seo et al {1997] found that when the
DE 2 topside data were binned in narrow ranges of
plasma density and precipitating soft-electron energy
flux, the electron temperatures decline with the aver-
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Figure 8. (a) Electron temperatures and (b) H Mach numbers again for the ramped turn-on
of the precipitation, here plotted versus the time from the onset of the precipitation, where the

line legend is same as that in Figure 7.

age energy, as was seen in our modeling results in Fig-
ure 1b. Their observed 7, it a linear decrease with
(bin-averaged) precipitation average energy with a cor-
relation coefficient coefficient of r = —0.9. On the
other hand, the electron temperature values observed
by Seo et al. [1997] were significantly lower, in the range
2000-4000 K, than those of the modeling in Figure 1b.
Such differences may be attributed to magnetospheric
heat flux assumptions and neutral atmospheric model
values. Seo et al. [1997] also examined the observed
ion temperature variation with average energy and ob-
served linear decrease, with a correlation coefficient of
r = —(.89; however, the slope was not quite as steep
when compared to that of the electron temperature.
Such observed trends are again qualitatively consistent
with the slight decline of the ion temperature with av-
-erage energy seen here in our model results (Figure 1b).
Furthermore, Seo et al. [1997) showed that T, and T
displayed increasing trends with precipitating electron
energy flux when the data were binned in narrow ranges
of average energy, as might also be expected if the soft-
electron precipitation is indeed responsible for much of
the topside electron temperature variation at topside al-

titudes, and in agreement with the modeled variations
here as shown in Figure 4b.

We also note that Seo et al. [1997 examined the
field-aligned OT ion Mach numbers observed by DE 2
between 850 and 950 km altitude. They found that the
Mach numbers were typically below 0.4 for the data
they examined. Seo et al. [1997] also found that these
ion Mach numbers were strongly correlated with local
T.. Our model results also indicate Mach numbers of
this order in the corresponding altitude ranges (Fig-
ure 7). Since we have found that Mach numbers above
900 km (not shown) are larger in some instances, it is
possible some of the below 800 km results may be com-
promised (in this FLIP /low-speed approximation treat-
ment) by the large upflow velocities at the higher alti-
tude (>950 km).

Since the FLIP code involves a low-speed approxima-
tion, we checked its validity for the present study by
examining results for comparable conditions from the
FLIP code with results from a case using a newly devel-
oped dynarmic fluid-kinetic (DyFK) model [ Estep et al.,
1998; Wu et al., 1998, which combines the fuid treat-
ment for the ionosphere {up to 800 km) and a semiki-

Table 1. Mach Number Comparison

Altitude, km FLIP Mo+ DyFK Mg+ FLIP My: DyFK M-

310 0.047 0.043 0.019 0.013
400 0.15 0.12 0.0 0.03
513 0.24 0.18 0.06 0.04
610 0.27 0.20 0.10 0.06
725 0.30 0.23 0.19 0.12
813 0.31 0.27 0.26 0.18
915 0.33 0.31 0.33 0.31

0.35 0.32 0.46 0.32

1025

M, Mach number; DyFK, dynamic Suid-kinetic model.
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netic treatment for high altitudes. This new code takes
much longer to ran than the FLIP code, but since the
800-km kinetic portion has no low-speed approximation
involved, it is a accurate for all altitudes and has been
tested under various conditions. Thus it is a suitable
comparison for addressing whether the Mach numbers
and general behaviors for the FLIP results in this paper
are reasonably accurate. The precipitation characteris-
tic energy in this comparison case was taken to be 100
eV, and the energy flux was 3 erg cm™ s™* at 800 km.
After precipitation turn-on for about 30 min the O” and
H* Mach numbers from the DyFK mo del and from the
FLIP model are listed in Table 1. The Mach numbers
are higher from the FLIP model than from the DyFK
model. The O Mach numbers from the DyFK model
are thus seen to be in aggreement by 6-30% with the re-
sults from the FLIP model while the HT Mach numbers
are seen to be in agreement within 6-40%. The high-
speed result at high altitude does influence the result
at low altitude in FLIP slightly, but it does not change
the physics phenomena presented in this paper. Hence

30 min RAMPED
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~ 800} AT A
£ : ey
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we generally expect that the results in the present FLIP
modeling of the soft-electron precipitation effects on the
F region/topside ionosphere to be in fact representative
for the 300-800 km altitude results explored here.

In Figure 9 we display the ambipolar electric field
profiles to demonstrate how soft-electron precipitation
can affect ionospheric ion upflows through enhancement
of this ambipolar electric field. The ambipolar electric
field, which is proportional to both the density and tem-
perature gradients, may be expressed as

k a kT,
Ej=-(1+5)VL(r) - mvx\’e(ﬂ 1)
where k is the Boltzmann constant, e is electron charge,
T, is electron temperature (2 function of altitude ), N,
is the electron density, and « is the thermal diffusion
coefficient. The flow of plasma is critically determined
by the sign of the electric field. For the ordinary polar
wind, Ej; is generally positive. For negative E;, the up-
flow is hindered. The developing altitudinal profiles for
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Figure 9. Time development of the altitudinal profiles for (a) ion field-aligned velocities, (b)
ambipolar electric field, (c) electron densities, and (d) electron temperatures. The conditions are
the same as in Figures 6-8. The line legends are solid line, -1.2 min; dotted line, 3 min; short
dashed line, 4.8 min; dash-dot-dashed line, 7.2 min; dash-dot-dot-dot-dashed line, 9 min; long

dashed line, 10.8 min.
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ion fleld-aligned velocities (Figure 9a), ambipolar elec-
tric fleld (Figure 9b), electron densities (Figure 9¢)}, and
electron temperatures (Figure 9d) are shown in Figure
9 for the same conditions as in Figure 7. Figure 9 shows
that the rapidly increasing electron temperature during
the first 11 min increased the ambipolar electric field
and propelled the upward O7 flows. One way to look
at this situation is that the ions would gain a flow en-
ergy from the associated ambipolar electron of about
0.3 eV over 300 km from the 1 uV m™1 electric field.
This flow energy would correspond to about 1 km s71,
which is comparable to the peak fow velocity at the
upper altitude ranges. By 30 min after the precipita-
tion turn-on, the electron temperatures tend to stabi-
lize, and then the ion velocities and fuxes attained the
nearly constant values (see Figure 7).

Recent studies {(e.g., reviewed by Daglis and Azford
[1996]) have indicated a fast and effective feeding of the
magnetosphere with energetic ionospheric origin ions
during periods of enhanced auroral electrojects, i.e.,
during the expansion and the late growth phase of sub-
storms. Daglis and Azford '1996] suggested that a fast
feeding (of the order of 10 min) of the near magneto-
tail with ionospheric ions can lead to a transient lo-
calized dominance of heavy ionospheric ions (namely,
O7) and, consequently, to an ionospheric regulation of
the evolution of magnetic substorm. Our time devel-
opment of precipitation-induced ionospheric fluxes will
help in further investigations of the detailed nature of
O™ outflow, which becomes a critical element at times
of intense storms and substorms. The ionosphere should
be regarded not only as a material source for the mag-
netosphere but also as an active element in dynamic
geospace processes.

The FLIP model is based on the low-speed approxi-
mation, which may break down for altitudes above 800
km on auroral field lines. We are currently developing
a DyFK model to combine the fluid treatment for the
ionosphere and a semikinetic model for high altitudes
le.g., Estep et al., 1998; Wu et al., 1998]. This model
should allow more complete and self-consistent investi-
gation of upflows and outflows as subjected to various
auroral processes including the soft electron precipita-
tion effects.
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